rtf  j 

IT;: 

a* 

f*ar’ 

fr&.chK 

© 


/?• 


.  fc\\! 


* 


'O 

rs 


w-  ^ 

9. 


GO  G> 


■s!‘  S: 

|;i|S 

'fr!  'p 

Si 


UJ 

o 

r,: 

'jo 

c  5 


_ i._  f  - 


TUDOKY  o?  INITIATION  OP  EXPLOSION  IN  SOLIDS 
BY  INTENSE  LIGHT  FLASH 

-  .  -, 

r  •-  *y 

,r  T.  BOLDINGTON 

ia  • 

Laboratory  for  th o  Phyoioa  and  Chcaiatry  of  Solida, 
Cavendish  Laboratory, 

c-  ca:z,:.lxl. 

j  'iN'iotLo-icL,  G^c>v. 

Tbo  evolution  of  tho  tcupsrsturo  profile  within  a  solid 
;ablo  of  oxothomio  decomposition  ia  dorivod  fron  an  approximate 
.r..'.lytic  solution  of  the  equation  doaoribinj  boat  conduction  in  tho 
/.siiusc  of  continuously  dictributod  boat  courocs  duo  tc  ehcaioal 
d^cospocition  and  to  the  absorption  of  an  intenao^ahort  duration 
_'.ia  of  light.  Tho  critical  li^bt  intonaity  otpablo  of  giving 
to  a  thoraal  oxploslon  la  daducod  and  a  ninicua^  critical 
....^r.sity  is  obovn  to  oxist.  Tho  aodol  prodiota  all  tho  oajor 
osperinontal  foaturoa  of  ignition  by  light. 


Sovoral  oonaitivo  oxploaivos  having  high  aboorption  ooeffloionla 
for  light  in  or  noar  tho  visible  range  havo  boon  ignitod  by  intenao 
light  flaaboo  of  ohort  duration  *  ”  The  future  dovelopnont  of 
1  aay  load  to  light  oourcoo  oapable  of  igniting  a  vidor  range 
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^■fjj  c.  f  explosives. 
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yj  It  ia  known  that  a  any  aothodo  of  igniting  oxplooivoo  dopor.d 

tho  initial  foraatio..  of  a  looaliscd  region  of  high  tosp_r..-...ro 
a  ^iSjsLot  spot*.  The  uso  of  an  intone*  light  oourco  of  abort  duration 
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offers  tho  possibility  of  introducing  controlled  hot  spots  into 
an  explosive  and  thus  of  gaining  mono  knowledge  of  the  high 
toxporaturo  decomposition  hir.otico  of  tho  ozplosivo.  Blarxksrd 
has  described  the  initial  results  Of  a  digital  computer  study  of 
tho  rolovant  thoraal  regimo  and  tho  prosent  author1  has  used  an 
approximate  analytic  model  to  explain  Berchtold*s  rosults^  for 
silver  nitride.  Sinoo  no  gcnorally  applicable  model  of  the 
ignition  process  has  been  described,  and  in  viov  of  tho  usual 
limitations  of  numerical  solutions  oven  an  approximate  analytic 
solution  would  bo  useful.  In  gonoral  the  thoraal  regime  is 
extremely  complex.  Accordingly  several  simplifying  approximations 
are  cade  in  this  paper  for  the  soke  of  mathematical  truotability 
but  thoy  havo  rcasonablo  physical  validity  and  result  in  little 
error  in  the  oxitical  ignition  intensities. 

BASIC  3QUATI05 

For  simplicity  tho  following  ono-diaenaional  regiso  is 

considered.  Light  is  inoident  normally  and  uniformly  on  the  free 

* 

curfaoa  of  a  hoaogonoous,  isotropic  explosive  cass  filling  tho 
half-spaoe  .  The  free  surface  is  in  oontaot  with  a  vacuum 

and  the  entire  explosive  case  is  initially  at  the  uniform  temperature 
To.  The  equation  expressing  looal  conservation  of  energy  has  the 
fora 

0-c~  «  k|^  +■  <jtr»«=j>£-E/«x)  +  p  (1 , 

vhoro  the  symbols  have  the  following  aoaningst 


2. 


capacity, 


I  -  absolute  temperature,  (?  -  density,  c  -  heat' 

*  ~  V 

-£•  -  tine,  K  -  thermal  conductivity,  -  ozothersioit?  of  tho 
explosive  decomposition  (cnergy/uait  mass),  V  -  frequency  faotor, 
~  -  activation  energy,  -  absorption  coefficient,  \  -vavelength 
of  light,  £3^  -  light  energy  flux  donsity  in  tho  interval  (  X 
at  *|  ■  +  O  ,  difforing  from  the  incident  value  by  a  reflexion 


component* 


In  general  both  t0  sad  arc  complicated  functions  of 
vavolongth,  so  that  an  analytic  solution  of  (l)  is  impossible  in 
tho  caso  of  polychromatic  radiation.  If  monochromatic  radiation 
of  integrated  intonsity  H0  (cnorgy/unit  area/unit  time)  at  >  »  ♦  O 
is  usedyshe  relovant  equation 


cr.%^ 


(2) 


i  v 

o 

X  22: 

is  mono  tractable.  Tho  use  of  (2)  aa  the  basio  aquation 
implies  that  Arrhenius  kinetics  and  exponential  absorption 
adequately  dosoribe  the  regime.  It  is  further  as  suae  d  that  all 
tho  quantities  involved,  with  the  exception  of  *"T  sad  E0  axe 
independent  of  ^  and  ~ •  latent  heats  of  phase  transformation, 
roaotant  consumption  and  hydrodynaaio  sffoots  are  ignored. 

Tho  boundary  condition  at  ^  -  ©  vhich  satisfies  Stefan's 
radiation  lav  ashes  a  solution  difficult.  Tho  Sevtonian  boundary 


condition- 

T-T. 


% 


*=•  o 


(3) 


3. 


bo  U3od  below* 


nr-%  x  £ex  c  cJ-vuv  I  <r  c 


O  tho  initial 


(4) 


If  the  light  is  switched  on  at  the  tine  ~t 
conditions  are 

1= 

*—  0 

IiJEc?  PEASE 

Equation  (2)  vita  conditions  (3)  and  (4)  rcaaina  cxtreaoly 
intractable  hut  oinoo  tom  III  of  (2)  is  snail  compared  with  the 
other  toms  until  explosion  is  inainont  it  nay  ho  noglooted  in 
tho  first  stage  of  tho  solution*  (2)  oan  now  he  written  in  the  fora 

|tU  31  4  AeTe 

hf- 

.  -4-  ,>/  W 

vncro  V-  K.cecycr'c. 


^  A/O*-  '  (5) 

^=r  ^<>c  are  a  diaonsionloss  tine 

and  dist&noo  respectively^  /)  ■=-£(?)  =  £c/>vc  is  a  tcnporature 

proportional  to  tho  enorgy  Hvx  and  (J=  •  Equations  (3) 

and  (4)  bceoao 


3  |Wx  o 

'The  Laplaoo  traasforo  of  (5)  is 


k  . 


const* 


vhea  ?  <0 


(6) 

(7) 


ft*0 

say,  because  of  (7)^vhere  **>-  |Ue*  • 


3^  |(j>) 


(6) 


4. 


The  Lapl&co  transform  of  (6)  is 


iii.  -  hu 

k 


£=. 


The  general  solution  of  (8)  is 


el£(o 


,  ^  4- 


Ofi'  ^*5  35c-  «^h}sx=|># 


2  jsust  do  sor©  for  admissible  (finite)  solutions  and  ($)  gives 

so,  finally^  tho  solution  of  (5)  i3  given  by 

0=  -  (uK)/~n^e~se  ) 

<•  I  f-t  J  ^  l  (f-OO+M  J  cio; 

vhoro  the  operator  corresponds  to  the  Laplace  inters  o  trans¬ 


formation. 


1  i 

If  tho  “caission  funotion",  -j-  {">  )  ,  of  the  light  source  is 

o 

specified,  (10)  can  be  put  in  explicit  fora  by  standard  nethoda. 
For  brevity  only  the  step  fUnotion 

n -1 

fw-i  ,  , 

corresponding  to  a  constant  flux  source  vith  sere  rise  tine,  till 
bo  considered  bore*  (10)  nov  has  the  fora 

^=©f(el,\  +  ^  j*4$k)- ec ’*K  «&($£*  +*»k)j 

br 

(11) 


5. 


G 


whoro  Ot  —  'Twl 


aad  c»^c^.=  gT^iJ  • 

It  is  shown  in  appendix  I  that  if  10^  then  (ll)  oan  ho 
written  in  the  approximate  fora 

2*.  e e  •*•  i  C* 4  CA4  4  ie"  ^ (* - 


4k 


2xi^fc(%x)  +  eV  ***  etfcG^C^*)  -*  v&Ct/x*)  CfAx^j 


4-  OO)  *  <12> 

where  i  ^  i^Kh^  —* 

2 ho  fora  of  the  repeated  integrals  of  tho  error  {Unction  complement 
and  related  functions  is  shown  in  Fig.l. 

If  k^O,  (12)  has  the  foxs 

jc  *«=  ^esfe^-da)  -e  ^  e  [*+  £4*)  4ie  **fc  ,  (13) 

o 

a  solution  previously  given  hy  Cars  lav  and  Jaeger  • 

Hoy  in  cases  of  interest  ivr^T  10”^  (see  Appendix  Z)  so  (13) 
oan  ho  used  as  a  good  approximation  to  (12).  Hence  (13 )  is  a  good 
description  of  the  evolution  of  the  temperature  profile  provided 
that  chemical  reaction  is  insignificant.  It  vill  not  he  valid 
if  high  efficiency  photochemical  prooessea  oan  occur. 

ISSHT  DECAY  0?  EOT  SPOT 

The  total  energy  dissipated  per  unit  area  vhen  tho  light  has 
been  switched  on  for  a  tine  *tw  is  given  hy 

Ect.  ■*=  and  thus 


noG 


J.^  = 


c<G 

O*o 


_  =  T 


vhortt  k"h*<V^'C-  • 

6e 


»  say 


. . .  . . . . . 


o 


Tho  temperature  profile  given  by  a  light  pulco  of  fixed  integrated 

p  2. 

onorgy  density,  and  of  dimensionless  duration  io  given 


U/t  =  u/r 


l„*-0 


(14) 


rhero  U/A^  io  gives  "by  (13 )  and  j  is  constant* 

Tho  profiles  given  “by  (14)  aro  plotted  in  Pig.  2* 

If  the  light  ocurco  is  cvitchcd  off  at  a  tine  tft  the  appropriato 


emission  function  is 


It1')  =  floU1-  H j  T  >  O 

£c*)  =  O  ,  T-  <0 

?(p)-  , 

H 


(15) 


gives 


vhoro  Ft  is  tho  Eoavisido  function. 

Tho  combination  of  (10)  and  (15)  vith  ll  m  O 

U=  0#.fr)  -  U-x-  (r- t.)  as) 

vlioro  4s  gives  X/  equations  (7)  s&i  (13)*  (16)  dosori-es 

the  ontivo  inert  regin®  corresponding  to  a  rectangular  light  flash. 
An  interesting  limiting  case  occurs  vhen  A©  tends  to  infinity 
vhile  “Tc  toads  to  ssro  in  such  a  voy  that  the  total  energy  (vhioh 
is  proportional  to  A.*v0  )  renal  as  oonstant. 

Tho  appropriate  emission  funotion  is 

A 

0 


£(,V>  |(f)~  T 

and  gives  tho  profilo 


0-0 


7* 


.  i-ixrx ' 


-f/lr!  - 


M  +21  (?+  c  M  / 


±L.-±-o 

C-  ~ 


from  (10)  vhoro  /7g[^r€  tho  limiting 

fozB  of  (16)  as  'T0-~:>  O  >  ^  -  oout.,  and  with  'V'-^O  yields 
tho  limiting  case  of  (13)  *  (J^  ~T~ £3  ^  »  *  rosult 

entirely  to  bo  ozpoctcd  for  tho  initial  temporaturo  distribute 
produced  by  a  light  pulso  of  infinitesimal  duration. 


BEACTIVE  PHASE 


In  tho  above  treatment  ho  at  evalu  -tion  duo  to  chemical 

reaction  baa  boon  cntiroly  ignored.  In  this  section  tho  of  foot 

CL 

of  cbcaical  reaction  is  introduced  ca^perturbation  of  the  inort 
ovolution  of  tha  temperature  profile,  in  tbe  following  way. 

Firstly,  cbcaical  reaction  during  tbe  tine  for  vhiob  tbo  light  is 
c vitched  on  is  ignored  and,  secondly,  tbe  rate  of  decay  of  tbo 
bot  spot  due  to  boat  conduction  aft or  *he  light  source  is  switched 
off  is  considered  to  bo  identical  to  that  of  tbe  inert  case.  Tbo 
validity  of  this  procedure  is  examined  in  appendix  II.  Although 
not  entirely  justifiable  this  procedure  is  of  tbe  upaost  importance 
in  simplifying  tbo  subcoquont  analysis. 

If  chemical  reaction  is  ignored  prior  to  tbe  tiao  '>£  then 
the  inort  temperature  decay  after  tbo  tiao  is  given,  by  (16). 
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TSEs 

m 


In  particular 

UM ...  =  4  (*-*•') +Z(»)  -2>') 


vhoro 


^  *=*  J-T-To  ~ 


\ 


30300 


1§L =i(^H_Zo  ({vj  ci6) 

in  tho  inert  case. 

bTov,  "by  definition,  tors  IV  of  (2)  is  zero  for  ^^>>0  <i't>/>c> 

O 

so  Frsnk-ICaaonctokii  *3  exponential  approximation  '3  can  bo  used 
to  vrito  (2)  in  the  dimensionless  fora 

or  appropriately 


2£~2^ 
•)T-  ^ 


c  fr 

+  ae 


(19) 


vhoro 


4°^ 


and 


l-§ffr-%),  J- 

11=%  +U(,C’e,'r’‘r*') 


(20) 


In  the/  approximations  the  drrhonius  rate  oppression  is 


epp&ndod  about  the  highest  teaporature  produced  in  tho  inert 
phaso  of  xoginOjVhcro  tho  offcot  of  ohcsioal  reaction  is  cost 
important.  Tho  nco&ssazy  condition  for  a  thermal  explosion 
to  occur  in  cn  cxplosivo  with  soro  ordor  kinetics  is  that  tho 
teaporature  coaovhoro  tend  to  infinity.  In  tho  present  rijino 
tho  tcaporatur*  is  greatest  at  the  origin,  O  •  Only  tho 
evolution  of  tho  temperature  at  tho  fToe  surf  too  will  bo  further 
considered. 
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Sinco 


dij 

¥ 


3Si 

_  c 

■  •*  ■" 

jLnort  ^  i 

inert 

for 


inert 


(lo)  and  (19)  nay  “bo  oosfainad  to  give 

whore 


for 


e= 


=  o 


(21) 


D-pX  ^  ~~  ^  ) “ Z^) 

S  / 

ana,  for  convenience,  the  prise  on  ^  has  been  dropped.  The 

ordinary  differencial  equation  (2l)  con  he  integrated  to  give 


A't'  + 


const 


(22) 


chore 


e 


It  is  clear  that  explicit  explosion  conditions  cannot  he  derived 
from  (22)  unless  ^(TjW)  has  a  simple  fora.  Fortunately  ^ 
has  sioplo  asymptotic  loros  a;  both  snail  and  largo  values  of  • 
Those  two  extremes  vill  he  considered  separately. 


*T-> 


1 


SHORT  20RATI0H  FLASH 
then 


3lT,ro.z.(pK.VgSW. 

- 

if  *30  <$c[  , 

Honco  and  (22)  vith  tho  initial 

condition^ &■»  O  vhen gives 


10. 


7=/U  !*}[)+  I '-A' 


{ f-iO  e  0 


>»  i 


(A 


vnero 


r  II'  ll^r1  ’  z1*  i- 

?ig.  3  chows  the  nature  of  (23)  for  various  value  a  of  the 
parameter  yiC,  .  Clearly  the  condition  for  explosion  to  occur 
is  . 

LOliG  XOHATIG'T  FLASH 

If  I  »  1  -^en 

^(lv^oN)  =■  20(nJt'o+*t)  2Te 

“  2o  ^  "U2»tA-=-j  -['  |* + iCl 

~  ZoM  -  I 


T> 


PT.  i— 20feo) 

-  J&ThX- 


hcnce  Dj^"— ~  RT 


*"  and  (22)  with  the  appropriate 


O* 


initial  condition  gives 

€  +  (j-£)~  * 

1-Z>W 


e 


(24) 


where 


*nd 


C  = 


fin?- 


2  ~ 


<*?  k  1  Li— z©(*®0 


?ig«4  ahova  the  nature  of  (24)  for  various  values  of  the  p&r&n»vel~ 
£■  *  Clearly  the  condition  for  explosion  to  occur  is  £  V*  / 


11 
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CONDITION  TOP.  EXPLOSION 
Tho  conditions  for  explosion  aro  givon  by 


fK  ">  I  (  ■<&=  ]  ) 

£  >)  <  ^  I  ) 

Al-tnoufiSi  oritioal  enorsy  densities,  £  ,  could  to  oonputod 

froa  these  criteria,  it  is  preferable  to  find  an  explicit  formula 
ior  even  at  tee  oxper-eo  of  sene  accuracy*  Consequently 

■lc  approximation  to  7^  is  required.  By  definition 


a  s 


T'To  *  U(e=o  Vxo)  =  AC{  ^  +ZJM  -'1 

fxca(l3).  Or  sires  n^t-0  —  "T*  , 

ts-t0  =  fiH(^ 

i  * 


VZQTQ 


c  'fir  J 


It  can  bo  shown  that  if  Oc.  is  8=  all 

=  i+0.7S-ioo  0.233^  +  oC»?) 

and  if  sc.  is  largo 

*«-  %[i.f  . "] 

=■  o.ysc  t  o.2ssba[u-  ~lr  ^  ^  +  o{*^)J 

Pig. 5  shove  a  plot  of  d>  (se^  and  its  linoar  asyaptotcc.  It  is 

>(x 

clear  that  1  +  —  Jfc,  -  1  ♦  0.885«fc,  estimates  C%) 
for  all  O  with  an  error  of  less  than  5^  . 


I 

-2- 


12. 


Tiio  critical  condition  for  &  short  duration  flash,  1,  nay  ho 
•written  in  tho  fora 


-ft  ^(-z/fini)  Ft  'm  +  — 

I  -  L  '  J 


'--Qro  -  V  feWj 


is  constant  for  a  givon  explosive 


and  IF-  Hf/ R  ^  —  ^/c  ^  1)  *=*  '«/cr<^  is  tho  thoraal 

difiusivity.  Since  .<£. j  —  ~L  for  snail  3s  and  ""Wy  <T  O.'A 

*v* 

in  eases  of  interest,  the  critical  condition  is  givon  approrinatoly 


—  — 

TA 


more 


lH£)T- 


The  critical  condition  for  the  long  duration  flash,  £  -  1,  has  tho 


fora 


This  expression  does  not  yield  *T  explicitly,  hut  oinoe"7o/y^  is 
caall  10  ~)  cad  ^*c/\/10~  for  the  oonvontional  explosives, 

K  is  insensitive  to  large  variations  in  the  arguuont  of  tho  logarithm. 
Thus  Vr*  =r  k.2  fee’)  and 

-  J  Ta  *  (25) 


Siaoo  f>\  fir  {— rk  ^  vhea  %  is  s 

limiting  value  f\  as  \c,  tends  to  aero. 


vhea  3s  is  snail,  (25)  gives  tho  correct 


o 


Thug  tho  critical  condition  for  explosion  has  tie  approximate  for: 
,CX.  /  _  ^ _ 

*  /  ,  *  —  f\  O  rhcrs  II  is  given  by  (2p)  and  is  a  feebly 

decreasing  function  of  5:  ,  rhilo  increases  strongly 


according  to  tie  approximate  formula 


jgT  -  1  +  0.3S55t6 

Ignoring  the  variation  in  £  tho  critical  condition  in 


i  — ■  ko  i  TZ 


(25) 


This  formula  should  predict  critical  energy  densities  vita  a 


maximum  orror  of  1C>>  if  <33  1  or  1  7c.0  »-C  10.  It  rill 

further  bo  sssumed  tint  (26)  remains  a  good  &pp ionisation  for  tho 
intermediate  range  of  -shore  a  solution  of  (2l)  is  difficult. 
According  to  (26)  the  critical  energy  density  in  given  by 


DISCUSSION 


In  the  derivation  of  critical  energy  densities  for  ignition 
canorous  assumptions  and  approximations  have  been  introduced,  tho 
validity  of  rhich  requires  examination  before  «  ooaparisoa  betreen 
(27)  and  experimental  measurements  is  attempted* 

1.  CONSTANCY  0?  PAR&IC5TZR3. 

?or  real  explosives  thore  aro  two  sources  of  variation  of  tho 
relevant  themooheni  cal  paramo  tars.  Tempera turoa  occurring  in 


24 


*'* . ’****»•**»*■**•. 


■the  ignition  regime  range  between  30Q°&  and  oa  2CGQ°K  so  that 
significant  variations,  particularly  in  tho  aotivation  energy^, 
arc  to  ho  oxpcc'.\.d.  Tho  orror  introduced  in  this  ray  can  he 
minimised  by  selecting  averaged  values  for  the  density  and  heat 
capacity  and  tho  high  temperature  values  for  tho  aotivation  energy 
and  ZQ» 

It  is  shorn  below  that  variable  composition  duo  to  reactant 
consumption  has  only  a  snail  of  foot  on  the  paramo  tors. 


2.  LAMENT  HEAT  EFFECTS 


If  a  sone  of  thickness  must  be  molted  before  tho 

critical  temperature  profile  becomes  established  then  an  extra 
amount  of  energy  At-  cunt  be  cap  ended,  rhere 


(or  AT  - 


Z\1-  (V/'°-  L  (or  AT  -  %  ^  ) 

and  L  is  the  latent  heat.  Shun 

aS_  aj_ ju  _  _L  L  ^vte^/(u^ToVl 

<5*.  %■  *££  C-T#  <rifl  !>C2 

rhoro  is  tho  melting  point  of  the  explosive.  Sinco  (L/c)  is 
about  100°E  for  both  organic  and  inorganic  explosives,  the  latter 
ratio  may  bo  as  small  as  1  Off*  for  a  eensitivo  explosive  with  a  high 
melting  point  (e.g.  Ag2^)  or  as  largo  as  unity  for  an  insensitive 
explosive  vith  a  low  melting  point  (eg.  T5?).  Tho  value  of  £  give 
by  (27)  is  of  the  correct  order  of  magnitude  but  for  a  sore 
accurate  estimate  the  amount  or|_«C '  ^  should  bo 

added. 


should  bo 


15 


->* 


ti  « -,-n  nr-"-- 


© 


It  can  'bo  shown  that  if  Xc  is  snail  the  fraction  of 
undeconpoacd  explosive  ^  satisfies  the  condition 

~C  -  (  ~lZl  ^  f_ P  \2Li-h~l  If  i'  <C  } 

-‘"•5  <  :=,£*.  I  *J*Tl  “  “  j  ‘‘  1 

in  tfcft rci£hbouroood  of  critical  conditions,  vhero  i?w  - 

and  ET^/R*^  .  In  cases  of  interest  °*5  aa<2> 

-10  so  that  \  >  0.8  throughout  the  oxpiosive  "induction 

q rlod^ ** 11  j  1,  provided  taat  ^ C.2.  Stcact  numerics— 

solutions^  show  that  reactant  consumption  reaains  of  little  importance 
for  tines  rather  larger  than  g%0m  0.2.  The  snail  amount  of  reactant 
consunption  during  the  "induction  period*-*  justifies  the  neglect  of 
hydrodynamic  effects. 

4.  S5LAY  TI1-E  TO  EXPLOSION 

If  is  snail  the  reduced  tine,  ,  required  for  the 

surface  temperature  tc  decor j  infinite  is  givon  "by 

+  0-^V^  «  o 

fron  (23).  If  the  rogine  is  critical,  A-  1  and  hecones  infinite. 
If,  however,  the  regime  is  slightly  supercritical,  1.1,  this 

author  has  shown  that  1  ,  where  *•  </  Is 

the  reduced  adiahatio  explosion  tino  at  the  temperature  T  , 
so  that  for  temperatures  which  are  only  slightly  supercritical  the 
delay  tine  to  explosion  is  of  the  sane  order  of  magnitude  a3  the 
adiabatic  explosion  tine  at  the  surface  temperature. 
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‘fbuc  in  the  isnediats  neighbourhood  of  critical  conditions 

/  a  \“x  12. 

-  io  (^4.  ^  '<o 

and  sinco  2  is  typically  ^  10“*^  for  tho  conventional  explosives 

1CT1. 

n  'V 

Ksnoo  tho  cssunption  that  j  nzdo  in  tho  derivation  of  (23) 

is  reasonably  valid. 

Similarly  if  *7^0  is  largo  (24)  gives  €.  »  so  that 

if  £  •  1.1,  *  Sho  delay  tins  near  oritical  conditions 

is  given  hy  * 


im,  ~  3  (s)‘S  1  sefe)?, 


and  since  ~lh.  5  for  tho  conventional  explosives  // 

1  Tj^  t  0  /b 

Hones  tho  essusption  that  )  does  not  renal n  valid  throughout 

the  cxplosivo  induction  period  unloss  *t*0  }  • 


5.  DSPAErOBB  PBOK  EXP.t5I?CTil/X  COSSTOOxLyglOH 


Aotual  experiments  on  ignition  hy  light  aro  carried  out  using 
a  light  flash  vita  a  non— rectangular  emission  function  focussod 
on  a  finite  area  of  an  explosive  slab  of  finite  thickness*  2ha 
conditions  undor  vhich  tho  results  for  tho  present  idealised 
configuration  rcaain  valid  in  praotioo  sust  bo  considered* 

It  can  bo  soon  fro 2  Fig. 2  that  tho  light  flash  causes  sigaific: 
heating  only  in  a  thin  surface  layer  of  thickness  ca.  k,~“ 
(corresponding  to  £>  •  1  )•  Xa  faot,  it  oan  bo  shows  fros  (13) 


n 


xn  tae  t cap oia 


v‘r.Xv  the  reduced  die  *v„nce  to  the  inflexion 


profile,  0.  ,  ic  given  by 

0.  fx  b-'-fo  -  0.572  if 


if 


I 


and  that  if  Q/%.  is  largo  the  tesperature  excess  0  decays 
as  €~^  . 

If  the  rear  surface  of  the  explosive  sla'o  corresponds  to 

4  the  light  is  attenuated  hy  a  factor  greator  than 

4  -1 

£  ibr  50,  so  a  slab  thicker  than  4  ^  reflects  negligible 

radiation  froc  its  rear  surface.  In  addition  heat  losses  froa 

the  rear  surface  into  a  vacuus  of  a  solid  substrate  are  saall 

provided  that  O ^  Le.  f-  <3  • 

Consequently  the  idealised  analysis  resains  applicable  if  tbo 
thickness  of  the  explosive  slab  exceeds  10  ,  cay.  These 

4 

considerations  are  in  good  agree  sent  vith  Borohtold'o  ohservaticn 
the  critical  ignition  onergy  of  an  fila  deposited  on 


Kii-icL  w 


glass  is  sensibly  constant  if  the  fila  thickness  exceeds  0.5^ 


—1  -S 

when  fir  10  ^  ca. 


-x 


■n-2 


In  aost  cases  of  interest  OC  10  ca  and  thus  the 

idealized  treatsent  is  applicable  to  any  explosive  aass  thicker, 
than  -*•  as . 

if  a  parallel  beaa  of  light  is  incident  noraally  upon  a 
seal-infinite  cylinder  of  finite  diaaeter  d  ,  the  lateral  heat 


IS. 


r.cj _ j_hlo  compared  with  the  boat  loos  from  the 

_  Jw^-i 

— •  W  vr..  v-  **  S.  ^  ^ 

i> 


provided  diet  .  Since  this  free  surface 


our-. —  v  ^  o 

J 

hc.v;  doc^  has  been  shewn  to  ho  negligible  the  idealised  results 
remain  good  approximations  as  long  as  U^>\  . 

if  a  condenser  sys tea  is  used,  so  that  sens  radiation  is  no 
longer  incident  normally  on  the  free  surface,  the  radiation  is 
degraded  into  thomal  onorgy  closer  to  the  surface  ^  —  O  than  in 


iso  of  normal  incidence.  Tho  effect  on  the  maximum  surface 
temperature  attained  is  snail  and  the  effective  vidth  of  the 
heated  zone  is  reduced  by  less  than  30/3  even  when  the  semi-angle 
of  she  licit  cone,  6s  ,  is  as  great  as  45°*  Ignoring  reflexion 


effects,  it  can  do  shown  that  is  equal  to  the  value  given 


by 


-feUt" 


(2?)  multiplied  by  a  factor  not  less  than  cos  to  •  In^tho  reflexion 
effects,  which  have  been  avoided  in  defining  EQ  and  related  quantities, 
should  aalco  the  experimental  quantity  (critical  source  energy  reaching 
explosive)  /  (surface  area  illuminated)  insensitive  to  the  type  of 
condenser  system  used. 

The  remarks  of  this  section  apply  only  if  no  lateral  heat 
sinks  in  the  form  of  inert  confinement  or  unilluminated  explosive 
are  present  strongly  to  codify  the  predicted  temperature  evolution. 


6.  3BAL  LIGHT  S0U5CBS 

The  output  of  a  real  light  source  is  in  general  so  complicated 

a  function  of  time  that  the  present  approaoh  becomes  unproductive^ 

If,  however,  the  flash  duration,  T0  ,  is  considerably  less  than 
2  **X 

(  3  )~  ,  so  that  ,  then  the  shape  of  the  emission 

function  is  unimportant.  To  demonstrate  this  fact,  K  is 
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o qua -ad  to  soro  in  (iO)  uhich  car.  then  be  vritten  in  tho  fora 

U=  ,  (23) 

uaoro 

"*  c 

is  the  convolution  of  and  f^* 

If  is  snail  it  can  bo  shovn  froa  (2o)  that  »he  tenporaturo 
distribution  for  pt  -  *<,  satisfies  the  inequalities 

P  A 

t'j  <■!’<  « 1 />£.*. 


j  £(-Ut  >  U  >  for 

vf  J 


e~° 


Theao  inequalities  show  that  if  '^0-<3C  |  tho  initial  tesperaturo 
distribution  and,  therefore,  the  critical  energy  density  for  explosion 
are  vat  cually  independent  of  ~C'<9  and  depend  cnly  upon  the  quantity 

On.  v  j 

)crrN  vhich  is  proportional  to  he  integrated  energy  cutout  of 
tho  light  source.  Although  the  present  troatcent  requires  that  oC 


is  cons  tans,  it  should  renain  valid  for  polychromatic  light  such 


tr.at  *  This  condition  is  satisfied  by  aarty  explosives' 

in  the  visible  region  but  unfortunately  oC  is,  in  general,  so  snail 
for  visible  light  that  existing  sources  are  several  orders  of 
nagnitudo  too  feeble  to  give  rise  to  explosion. 

Clearly  the  general  case  of  igrr  tion  by  polyohroaatic 
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.orical  cothods. 


lijri  could,  only  bo  described  by  run 

It  is  concluded  that  tho  present  idealised  nodol,  subjoct  to 
too  .esorvstiens  of  tb.o  above  discussion,  corresponds  oloaoly  to 
reported  experimental  monfigurationa  % 

It  is  difficult  to  eotisato  tho  effoot  of  the  a&thesatioal 

approximations  used  in  tho  abovo  analysis  upon  tho  critical  r  '  nos 
of  tho  parameters jk.  and  £  but  it  is  unlikely  that  they  are  ia 


error  by  a  factor  as  largo  as  5*  Since  ^varies  as  tho  logarith 
of  or  tho  consoquont  error  in  ia  aot  greater  than  1G5& 
for  explosives  -with  aotivatioa  energies  gxeator  than  20  Xoal.  cole-1* 
A  further  orror,  not  groator  than  10^  provided  that  't-0^  lO  , 
is  incurred  by  using  the  simplified  forcula  (27)  1x3 toad  of  tho 
enact  explosion  oritoria.  Certainly,  (27)  should  estimate 
oritical  energy  densities  to  vithin  one  order  of  xagaitude. 


CCh?ARISC5T  WITH  3SPE3HS3? 

Equation  (27)  gives  a  good  egyroxiastion  to  tho  oritical 
energy  donoity  for  ignition  provided  that  the  duration  of  tho 
light  flash  does  not  exoeed  a  standard  conduction  tine 
by  aero  than  about  one  order  of  cugnitu&e.  Tho  criterion  becomes 

inaccurate  for  long  duration  flashes.  Tho  thermal  diffuaivity 

•t  u  2  .1 

of  most  explosives  lies  in  tho  range  10  —10  ca  CCS  ,  rhilo 
tho  absorption  coefficient  ia  cases  of  interest  ranges 
10**  to  1C ?  ca~\  Thus  tho  standard  conduction  tine  cay  rungs 
free  0.1 see  (at  largo  «C  )  to  1  see  (small  °C  )•  7h«*  value 
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cos-  iaportant  in  determining  the  way  in  which  the 
energy  varies  with  flash  duration. 


EFFZ CT  0?  FLASH  EOSATIOS 

If  tho  conditions  of  an  ezporinontai  determination  of 
as  a  function  of  *t_  are  such  that  tf2>  ta  then  (27  predicts 


/•o 

CA- 


\  L. 


’fS  'V  .fi] 
4Vt r  LC  J 


~  k: 


crc.  I-  iJCj)  "t3* 


(28) 


la  this  case  the  oritioal  energy  varies  linearly  with  (and  is 
almost  proportional  to)  the  square  root  of  the  flash  duration. 
It  is  interesting  to  noto  that  if  the  feeble  variation  of  20 
with  oC  is  ignored  (28)  prod  iota  that  the  critical  energy 
density 


\ 


-Ktrc, 


(2$) 


ia  independent  of  the  absorption  coefficient.  This  fact 
suggests  that  (29)  soy  remain  valid  for  jsolychrosstis  ligL " 
satisfying  the  condition,  t0"^>  t0  or  c<!~ (Dt0)"*\  Berchtold 
has  ignited  Borthollst*a  "explosive  silver",  dg^2,  vitb  poly¬ 
chromatic  light  for  which  ^  10^  cn~^  using  flashes  of 
millisecond  duration.  Thus  in  this  case  the  condition  t0>£> 
can  be  satisfied  if  D^>  1Q~'  oa^aeo**^.  Although  p(jLg^H) 
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a ot  boor*  measured,  it  is  reasonable  to  assume  that  tho 
latter  condition  is  satis tied.  ?ig#6  shows  tbs  variation 

/O 

of  £  vith  tbe  square  root  of  tbo  flash  duration  oaloulatod 
from  Berchtold's  data^.  It  can  bo  seen  that  tbe  variation 


is  almost  linear#  I-loreovor  Borchtold  reports  that,  allowing 
for  experimental  orror,  tbe  critical  energy  is  independent  of 
tbo  rang©  of  wavelengths  of  the  light  used.  This  faot  supports 
tbe  tontativo  suggestion  made  above  concoming  "long”  duration 
flashes  of  polychromatic  radiaiion^See-  a^pe*JUc,TlX}  . 

Hits  tbo  opposite  extreme  of  &  "short"  duration  flash  tbo 
predicted  behaviour  is  quite  different.  If  ^£Zit>  ^b<2<  \^(27) 
can  be  written  in  tbo  fora 


•bus  the  critical  energy  of  a  short  flash  should  bo  almost 
independent  of  the  flash  duration  and  inversely  proportional  to 

tho  absorption  coefficient  (ignoring  the  variation  of  ZL.  with  <,  )• 

r 

} 

Unfortunately  suitable  "shot"  flash  duration  experiments  havo  not 

yot  been  performed  since  the  presently  available  light  *uuroo3 

ear.no t  deliver  adequate  power  within  a  bandwidth  for  which  is 

both  sensibly  constant  and  sufficiently  large#  (i.  giant-pulse 

"laser"  system  operating  in  the  presently  available  power  range 

o 

but  vith  a  resonant  wavelength  of  2-3000  X  would  constitute  a 
suitable  radiation  source).  However  it  has  been  observed 
experimentally^  that  the  oritical  ignition  onorgy  of  a  short 
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duration  flash  ccrcuses  strongly  as  tho  effective  mean 
absorption  ooeffioiont  of  tho  spectral  rango  employed  is 

•  s 

increased. 

An  extremely  important  conclusion  to  "be  dravn  from  (27) 
is  that  as  the  flash  duration  tends  to  soro  tho  critical  onorgy 
density  tonds  to  tho  finite  value 


vhich  is  the  ainicua  energy  density,  at  tho  uavolongth  corresponding 
to  oC  t  that  is  capable  of  giving  rise  to  explosion. 4 


OP  AISIENT  TSHPEKAOTSS 

If  £>  aeacured  for  a  series  of  values  of  Tc  using  &  light  source 
of  constant  duration  then  according  to  (27) 


2£« 

TC 


_  _  2£T^-)=r  CeJh. 

<?c  *'u 


(31) 


provided  that  tho  variation  of  the  thoroocheaical  parameters  over 
tho  relevant  temperature  range  is  negligible.  Moreover  ^C0 rjlTi 


vill  remain  sensibly  constant  evon  if  largo  variations  in 
(such  that  3c0<5cl  )  aro  permitted.  Tho  linear  variation  of 

^ith  T0  predicted  by  (}l)  vill  only  be  valid  as  long  as  ?0 
i3  considerably  less  than  tho  "orplosion  teaperaturo"  of  tn~  system 
©xpiosivo  plus  environment a  The  applicability  of  tho  foregoing 
analysis  doponds  not  only  upon  the  fact  that  is  largo 
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but  also  upon  the  assumption  that  the  system  is  inherontly  stable 
in  the  neighbourhood  of  tho  temperature  T0.  Kovevor,  a  truly 
adiabatic  explosive  mass  necessarily  oxplodos  if  it  is  initially 
at  any  temperature  greater  than  absolute  aero.  A  real  explosive 
nans  is  stabilised  belov  a  certain  temperature  HH  by  its  f  ini  to 


rate  of  heat  loss  to  tho  environment  and  above  that  temperature 
either  decomposes  cuiascontly  or  explosively  9»l4»3-5  ^cording 

to  'the  nature  of  its  reaction  kinetics.  The  range  of  ambient 
temperature  for  vhich  the  present  analysis  is  applicable  cannot  bo 
uniquoly  stated  since  ”7^-  depends  upon  the  environment  and  is  not, 
therefore,  a  characteristic  parameter  of  the  explosive.  The 
explosion  criteria  dorived  hero  are  valid  if  the  roaction  rata  of 
the  system  is  negligible  at  the  ambient  temperature. 

If  Q,o  is  plotted  against  Tc  the  lov  temperature  linear 
asymptote  of  the  resultant  curve  intercepts  the  temperature  axis 


“  t-T,|>  fcfe)]"  , 

a  value  independent  of  flash  duration. 


A  number  of  explosives  have  been  shown  to  obey  the  linoar 
law  predicted  by  (3l).  Fig.  7  illustrates  the  results  obtained  by 
McAuslan^  for  lead  styphnate.  A  linear  lav  is  clearly  a  satis¬ 
factory  description  of  the  results  over  a  vide  temperature  range, 
bho  value  of  Tj_  is  approximately  Similar  results  have 


Detained  viwi  the  folic  sing  explosives  for  which  too  values 
of  :_  ire  given  in  hfacke'ws  s  i-g^3  (555°^)^'*  *^5  i&'ss 


fH-d'I-j ,  "nitrogen  iodide"  (355°^)^  ^  AglO^.Ag^^g  (ca 

It  is  important  to  r.otc  that,  for  a  givon  vavalongth,  ^  (X  )» 

unlike  -1  ,  13  an  eigen-property  of  the  explosive.  Tho  reported 

cr 

approximate  equality  of  Ik  and  T  1,4  ia  *0  ho  regarded  as 
fortuitous.  From  the  definitions  of  T^  and 


Te  -  5,0  .  (X/K0)  (5t-a0) 

.  * 

under  critical  conditions.  Eenco  if  Xc  is  small  (K/Ko—  l  ^ 

*?  —  1?.  and  T .  is  approximately  the  minimum  curfaca  temperature 

3  X  X 

•shat  must  he  produced  hy  a  short  duration  flash  ia  order  to  cause 

an  explosion.  As  a  further  illustration  of  the  significance  of 

2..  it  is  noted  that  (26)  may  ho  written  in  the  form 
X 

X.-2(T?-T.)  . 

cre  w  ' 

For  a  short  duration  flash  e  is  the  amount  of  energy  required 
to  raiso  unit  area  of  a  surface  "skin"  of  thickness  oC  to  the 

temperature  Ik . 


-.*f© 


0SDE2S  0?  JiAOKITUDS 

The  above  treatment  has  heen  concerned  with  the  quantity  £?" 

whereas  the  experimentally  important  .quantity  is  £  »  the 

incident  energy  density  outside  the  explosive.  These  two  variables 

19 

ar-j  related  hy  the  formulae 


26. 


(  S' 

•f —  v 

=  U 


1  lN 


n  C^'T  ■+  NT 


^C‘  ~~ 


vhoro  Ti  is  the  refractive  index  and  Kb  the  absorption  index. 
Kcv  for  the  organic  explosives,  Tl^i.p  “  1*6,  and  for  the 


inorganic  explosives  ,  K\>2  -  p»  ^ 


rC"  10^  cs*^ 


so  that 


as  greater  taan  9^/°  except  in  the  neigabournood  oi  a  strong 

A 

5  —In  v 

nb-crption  edge  v  K.  ^  lO^cn  )  vhere  it  aay  fall  to  oa  5^>* 

vans  in  discussing  orders  of  aagnituda  it  ic  reasonable  to 
i 

equate  to  unity. 

Table  1  gives  the  values  for  soae  coanon  explosives  of  the 

ahorno^chonical  parameters  needed  to  calculate  froa  (27). 

It  i3  noteworthy  that  both  ere  and  D  are  alnoot  constant  at  the 

values  10^  cal.caT'^  and  10“^ca^aeo7^>  respectively,  in  spite  of 

« 

the  large  variation  of  explosive  character  among  the  substanoea 

-9  5  -1 

considered.  Since  a0<  10  ca,  06  <Z  lO'ca  and 


X/T.  ~  1.5  s  10”2 


K,-  "  TS  &  ^ ° 


.  -2. 


Hence  the  critical  energy  densities  for  short  duration  flashes 

are  of  the  order  of  ^ 

If,  lOX  jj  4  —  X 

OOL.  ovvv,  oe  v  7 

,  oC 

inhere  c*L  is  expressed  in  ca*”  |  whether  the  explosive  be 
primary  or  secondary.  Most  of  the  experimental  wo  rice  ro  have 
not  reported  the  absolute  nagnitudo  of  soae  quantity 
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_ d:,r~d  to  be-  proportional  to  it  (such  as  tho  squc.ro  of  tho 

voltage  or*  a  storage  cor.  tone  or).  Consequently  a  detailed 

suaorical  comparison  of  the  present  theory  and  ex porincntal 

1  22 

results  cannot  ho  nado.  Hovovor,  Courtnoy-Pratt  and  Regers** 


a  a vo  reported  absolute  data  for  using  radiation  in  tho  near 

ultraviolet  for  vhich  c>C  •  10^  -  10^  on ihx  0.15. 

They  find  £  3  :  10“^  cal  ca  This  value  is  yielded 

c* 

by  (27 )  and  Table  1  if  «>C  «  1.39  x  10^  ca-** ,  and  by  (32)  vith  tho 

Ov  3 

experimental  result  T^  -  555  2  if  tX.  ■  1.63  xlO  ca  • 


Both  these  values  of  the  absorption  coefficient  lie  vithin  tho 


4,1 


range  corresponding  to  the  vavo  length  rango  enployed.  Borchtold 

has  also  ostinated  that  £  is  of  the  order  of  1  joule  ca7^ 

for  a  largo  number  of  substances.  The  relevant  values  of  are 

not  reported,  brut  the  present  theory  requires  then  to  have  tho 

reasonablo  magnitude  of  oa  XO^caT^.  Clearly  the  prosont  theory 

predicts  the  correct  nagnitudo  of  the  critical  energy  density. 

The  value  of  given  by  (27)  could  he  extremely  lov  for  a 

veil  designed  light  pulse.  Por  instanoe^in  the  neighbourhood  of 

tho  fundamental  absorption  edge  tho  absorption  coefficient  nay  ho 

as  groat  as  10^  ca  so  that  the  critical  energy  density  for  tho 

—2  —2 

corresponding  radiation  is  about  10  joule  on.  ^if  tho  flash 

duration  is  less  than  O.l^es.  Clearly  a  high  absorption  ooofficiont 

ashes  the  soot  efficient  use  of  the  incident  radiation.  If  °-C 

3  —1  —2 

is  largo  an  incident  intensity  of  about  10o<,  joule  on.  delivered 
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2  -2 

.  ^  1  A*1  .  ^  - - . .  -  -  ...  *5 

•  «•»«••*  *\/  w  W  W  '^ » «  .w  n  . . 


r*  jwO  v  wv^'j**— -w  v** .  wU*  xxco  vO  x*22»'««Lr*'vQ  ^r+o  c o rv*  on  » i. w n ci 


uz^.c.v/u.:  (  ^  io  in  uni zz  of  cnC^}*  fnis 


.UvUIaOS  C*  «y  w  «.  *  W  U  ly  ^  V  . 


“2  -2 

e::ct;t  of  10 <ac  vatu.  cu.  ,  say  one  .begavaiw  cm#**  near  an  abj.rpoion 
a -go.  (-he  ruby  laser  3yssem  of  McClung  and  Kellworth  y  can  operate 
;  '.  --:.is  power  for  ca  u.2^<.s  as  a  wavelength  of  c943^  )•  Because 
most  explosives  have  very  low  absorption  coefficients  for  radiation  in 
the  visible  range  (10*’*  wo  10  ca.  ),  existing  sources  cannot  deliver 
tho  adequate  critical  intensities  in  this  part  of  the  spectrum 
a-or.e.  Consequently,  with  she  exception  of  some  coloured  "exotic" 
substances,  e.,^1  Au»  **,  initiation  is  caused  by  tho  ultraviolet 
r  -.atior.'  accompa;:ying  the  ineffective  "light1*  flash.  Tho  apparently 


dissimilar  "c- asitivities"  of  priaary  and  secondary  explosives  must 
be  s-.cribed  in  the  aain  to  tho  fortuitous  positioning  of  their 
absorption  edges  with  respect  to  the  energy  distribution  of  existing 
high  intensity,  short  duration  flashes.  For  example  a  xenon 
flash  tube  has  a  number  of  sharp  linos  between  5^00  and  12,0u0  £ 
and,  more  importantly,  a  fairly  flat  continuous  background  with 
a  20>  power  range  of  2,400  -  22,000  2  .  Moreover,  cut-off 

is  rapid  beyond  these  liaits,  being  complete  on  the  short  wavelength 
aide  at  ca  2000  X  .  The  secondary  class  consists  costly  of  organic 
substances  whoso  crystals  possess  molecular  lattices  •  ?3T2>,  a 

typical  member  of  this  class,  transmits  well  down  to  300o£.  Its 
absorption  coefficient  rises  to  10^-10^  ca7^  at  2000  £  .  The 


primary  class  consists  of  suoh  ionic  aaterials  as  AgN^  for  which 


absorption  sets  in  at  3SpO  £.  ot  becomes  oa  10^ca7^  at  3000  £  r; 


using 
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w-c ;\ly  to  cu  ICPcnf  Consequently  &  flash  which  is 

critical  for  AgS-  voulu  be  subseritical  for  PETN  by  nearly  two 

o 

orders  of  sagnitu de  even  if  tbe  tvo  explosives  bad  idontioal 
thoruochenic  try. 

FJ1ERICAL  SOLuTlOKS 

Blanchard  and  Boucboo  ^  havo  described  conputor  solutions 

of  the  finite  difference  equations  corresponding  to  the  flash 

initiation  of  an  explosive  with  first  order  kinetics.  Tho  . 

ro levant  values  of  lio  in  the  range  from  lCf^  t".  30  and  tho 

gonerai  fora  of  the  solutions  agrees  veil  vith  the  present  theory. 

One  iaportant  difference  emerges.  Critical  conditions  can  be 

found  numerically  only  by  trial  and  error  -  a  process  costly 

in  computer  tine.  The  majority  of  tho  computed  results 

are  presented  in  terms  of  "useful  energy",  ,  computed  as 
<iis 

tho  pr^t  of  flux  density,  E0  ,  and  the  time  taken  for  explosion 
to  occur.  This  procedure  corresponds  to  a  situation  in  vhich 
light  continues  to  illuain&te  the  explosive  for  some  tine  after 
a  critical  temperature  profile  has  been  established  owing  to  tho 
existence  of  an  apparent  explosive  induction  time.  It  is  shown  in 
appendix  II  that  for  a  flash  of  constant  intensity  and  zero  rise 

Sl/6"  —  I  3*  I'Mh-t-1) 

whore  *1^  is  defined  in  section  4  and  r  is  given  by 


30. 


•*=  ^(l+*  XT^)  '■ 


^  ^  J  ^  **  , 

^ - »  - - w*^J 


r.-(;-^)Crl  sr.d  £^CzCcr  >  ^  vh 
is  -~c.li  £*.!£vr  —  I  r  <^(j  +  ’  Since  £ 


on 


G 


K 


i 


cr 


is  finite 


;cr.:_;  to  infinity  as  nr,  tends  to  zero* 


r- 


'tc 


is  a  poor  approximation  to  v.o  critical  energy  density 


?or  very  short  flashes. 

This  result  is  in  agreement  with  I'oorhiiapor'a  experiments 


18 


on  nitrogon  iodide  ia  which 


£t 


*c  o 


was  found  to  bo  roughly  constant. 


This  particular  fora 


was  conditional  by  tho  shape  of 


she  light  flash  employed  and  is  of  no  apodal  significanoo. 


ccscidsicss 

The  present  modol  of  flash  initiation,  which  talzos  only 
thermal  of foots  into  account,  satisfactorily  describes  all  tho 
major  experimental  feaJ  ares  of  the  process.  This  supports 
experimental  evidence^*  4,  16,  22  initiation  by  light 

is  essentially  a  thermal  regime.  In  tho  case  of  the  conventional 
explosives  tho  sensitivity  towards  initiation  by  light  is  affected 
very  little  by  thormo chemistry  but  strongly  by  the  magnitudes  of 
tho  absorption  coefficient  and  flash  duration. 

The  agreement  between  the  present  model  and  experiment 
suggests  that  tho  conditions  necessary  for  the  occurrence  of  a 
cheroal  explosion  are  also  sufficient  to  engender  a  macroscopic 
explosion  or  &  transition  to  a  stable  detonation  regime,  although 
further  experimental  work  on  secondary  explosives  may  shew  that 
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-ho  -odd  should 
experiments  ar.d  onabic 
parameters  to  bo  oxtra 
The  author  thardsj 
Fund  and  Caras  .■ 1 s  00——. 
Dr.  h. J.  Yoffo  for  muc 


assist  tho  design  of  flash  ignition 
useful  combin'"*  ions  of  thoraochGiaical 
ctod  fren  thoir  results. 

tho  Managers  of  tho  I.C.I.  Foilovships 
ego,  Caabridgo  for  Hesoarch  Follovohips, 
h  useful  discussion  and  Dr.  •?.?.  Bovdon, 


R.S. 


for  continued  encouragement. 
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<:>  ,\  ,~y  t 


ice1  c?  :ca?  c:uc:s:*,e?.  at  f?jss  sumacs 


The  "boundary  condition  at  o  vhich  satisfies  Stefan's  la* 
Cor  bln  sic  hcdy  radiation  has  the  form 


•i  U 


^  -  =r[(T.-^-T.'*7  , 

C"  —  <  I  c>  b^C^vv.  "Sec  *CK  ^ 


la  Stefan’s  oonstan 


Thio  ray  be  written  in  the  foin 

1  -A  —  I  A- 


i  -  ^  ,  r* 

v^'v  'C 


=  hUc 


according  to  (6).  Henco  the  maximum  value  of  h  is  t 
h_o^ —  cinco  [;0^  2000°C. 

Adopting  the  representative  value  tc  -  5  x  10**  erg  o:C*6ec7^0K""\ 

it  is  found  that  h^j^lOX”^  where  PC  is  in  units  of  c»*~\ 

—I  _o 

l.'ov  *K  <.  10  cm  in  cases  of  interest  so  that  h  <  lO1’  and 

^  «  a  ax 

h  h  for  most  of  the  regime. 

*2C*jC 

If  h  o  the  surface  tomperature  is  slightly  lower  than 

that  given  by  (13).  It  can  be  shown  that  the  fractional  reduction 

in  the  excess  surface  teaperaturo  (  U  )  is  ca  hx,  vhich  is 

2 

always  aaall  provided  thatTo«<10  „ 

It  can  further  bo  shown  that  the  reduced  distance  between 
tho  surface  and  temperature  maximum  given  by  (12)  is  approxiaately 
hx  at  all  tines.  Thus  in  oases  of  interest  the  maximum  tempera¬ 
ture  occurs  at  a  point  extremely  close  to  the  free  surface  and 
(13)  is  a  good  approximation  to  (ll). 
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•  •"  tt  rP3T'?.?  Op  fiT^IC  V).  p_7!\0TIO'T 

Heat  ©volution  duo  to  ohcaioal  reaction  vill  remain  small 
during  tho  _lluuination  if  tho  flask  duration  io  such  loco  iha 


tLw  isothermal  half  life  of  the  explosive  at  the  maximum  temperature 
produced  by  the  light  flash  i.e.  if 
yz0  cap  («-Z/ETs)  <S§C1 

Conventional  oroloeivos  satisfy  thio  condition  if  t,  10“^  300. 

A  reasonable  estimate  of  tho  offoot  of  chemical  reaction  can  ho 
obtained  hy  finding  the  extent  of  reaction  in  an  explosive  constrain¬ 
ed  to  follow  the  inert  temperature  evolution  of  the  froo  surface  as 

* 

given  hy  (lp).  The  rate  equation  for  a  first  ordor  reaotion  is 


iL  -  -Jl)  6xp(-E/2T) 


who 


ro  ^ 


is  the  fraction  of  ©xplosivo  undeooaposcd.  Since 


vhon  i  •  o,  this  can  he  written  in  the  fora 

where  ?(t)  is  to  ho  derived  from  (13)* 

Tho  integral  can  ho  evaluated  approximately  hy  using  tho  Frank- 


whore  the  contrihution  to  the  integral  is  most  important*. 
This  procedure  yiold.s 


J 
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r\  f 


siuCO 


-  0 


*  Vs 


\ 


Honoo 


-  ILX  < 


-2*± 


&A"^ 

since  <T  -  10  In  oases  of  interest. 

'V. 

The  ratio  of  the  temperature  increase  due  to  reaotion  in 
the  absence  of  oonduotion  and  the  inorease  due  to  the  absorption 
of  radiation  is  given  by 


8-W-5)/-U< 

S  / 

If  “T0<3£  \  then  R  «  Por  ^oritioal  heating  regime 


(II.1) 


bo¬ 


rn  —  since  A 
*rr  y 


1.  Bence 


and  heating  due  to  chemical  reaotion  is  negligible  while  the 


IL- 


light  is  switched  on  if  •<'  o.l  say. 

If  1  102  the  condition  £-  1  gives  Kjs 

so  R  remains  small  if  ^  j  •  The  negleot  of  chemical 
roaotion  prior  to  the  i****'  t.  is  therefore  justified  for  4. 


critical  flash  if  t  <cT  t  • 

o  o 


During  the  reactive  phase  of  the  regime  the  rate  at  which 
the  surface  temperature  falls  owing  to  oonduotion  differs  frc? 
that  of  the  inert  case  but  an  argument  similar  to  that  of 


35. 


Bidoal  and  Robertson^  suggests  that  the  effoot  ie  small*  Through- 
out  tho  induction  period^*  ,  1,  vith  vbich  this  treatnont  ia 

exclusively  concerned,  the  temperature  increase  due  to  reaction 
remains  loso  than  T0  while  the  total  temperature  drop  aorosa 
the  hot  spot  is  initially  Tq-Tq .  In  all  oases  of  interest  the 


ratio  of  these  tvo  quantities,  j  tU,  is  greater  than  10  heoause  of 
the  high  activation  temperatures  involved*  Consequently  until 
tho  end  of  the  induction  period  is  reached  the  perturbation  of  the 
temperature  profilo  caused  by  chemical  reaction  is  snail  end  the 
use  of  (19)  is  reasonable* 

Blanchard  and  Bouohon^  have  shovn  that  if  an  extremely 
intense  flash  is  used  the  effect  of  conduction  is  negligible  and 
if  the  light  source  remains  on  after  a  critical  profile  has  boon 
established  no  abrupt  ohange  of  is  observed*  The  develop¬ 

ment  of  the  free  surfaoe  temperature  of  such  a  regime  ob>>ys  the 
equation 


-B  ♦  ,  (11.2) 

0  -  0  when  -  O  j 

A  E 

vhore  B  •  o  represents  the  heating  due  to  the  light  alone. 

RT  2 

_  -  x  •  ~  _  2  .  a  /-w*  a  \  ^  .  __  • _  ^ 


The  solution  8  of  (II. 2)  is  given  by 

7-4  ♦M-V*”, 
^  • 


(II. 


vhore 


The  variation  of  i-ith  T*  given  ‘by  (II* 3)  ie  shovn  in 

Pig* 3.  The  xoducod  tiao  required,  to  produce  ft  critical  temperature 
profile  (  t  -  O  )  is  given  “by 

os?  C*tL..0  )  -  ♦  V^>70  ^  /(X  +  /ft  ^  ***  tk* 


b  -  o 


and  the 


roduced  tine  taken  to  reach  infinite  temperature  is  given  by 
<«P  (3T“|^  )  "  '  /  (  S/B^) 

Eonca  the  "uaaful  onergy"  of  Blanchard  and  Bouchon  is  related  to 
tho  critical  energy  by  the  expression 

£/?,=  •  +  * 

=  ! + 


vhore  c)  oorrosponds  to  oritioal  conditions* 

Since  the  value  of  (i/B)  or  from  (26)  is  approximately  'P^/K 5  6*°^ 


becomes  considerably  greater  than 


if 


V1  • 
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Aprondisc  III, 


Polychromatic  radiation, 


It  is  possible  to  obtain  good  approximate 
solutions  cf  the  present  problem  provided  that  certain 
restrictions  are  imposed  on  the  relevant  range  of  • 
The  reasoning  closely  follows  that  of  the  foregoing 
analysis  and  the  expressions  involved  are  cumbersome. 
Ccnsoqu. ntly  only  an  outline  of  the  procedure  and  the 
ma^or  results  will  be  given  below. 

The  quasi-inert  initial  phase  of  the  mono¬ 
chromatic  regime  is  governed  by  the  equation 


30  qhj  ^  t 

<rc7t=K^  +  ‘xE‘>e'  T  (mn) 

with  the  conditions 


(111,2) 


U=o  ^  E0-o  t<o  (nx.3) 

«id  sine,  this  3ysteo  is  linear  its  solutions,  b  ,  &re 
additive. '  Although  the  general  solution  is  awiewaru 
the  solutions  of  interest  for  the  case  of  a  rectangular 
light  pulse  are  relatively  simple.  In  particular,  from  (13 ) 


(III,4) 


whore  the  integral  is  to  be  taken  over  the  entire  emission 
range  oi*  the  light  source.  The  cases  of  "long"  and  "short' 
1  .ration  flashes  will  be  considered  separately. 

•>  >rl 


:'h  rrt  (-  is  oh. 


then 


O^k)-  }—  Jti  and  (111,4)  gives 

<4- 

where  *C  =  JHVj^  is  an  average  * 


absorption  coefficient.  (it  is  assumed  thet  the  light 

has  a  constant  colour,  ,  so  that 

•A  . 

oC  is  constant;.  The  inert  decay  given  by  com¬ 
bining  solutions  like  (16)  is 

j£ J“^a  * *  *  ■>  3=  0  ’ 

where  time  is  censured  from  ^  •  Hence  the  analogue 

of  (21)  is 

&  =  -  .5k  131  f^ju4 

h*  1*n~cr&  J 


-  JL.  *■ 

y^TTcro „ 


4  ^e*f(~E/'rr0e'> 

which  with  the  initial  condition  £  *  O  when 
has  the  solution  (cf. (23)) 


=  o 


sheet  -39' 


0 


M(i+y)+0-H)ey  (ni,6) 


where 


Clearly  the  condition  for  explosion  is  V.  ^  j  or,  re- 

* 

arranging  and  using  (ill, 5)  the  critical  condition  is 


The  critical  energy  is  given  by 

{>  v  <roT*r  Lr 


which  3'nould  be  coopared  witn  (26). 
L-r.t:  flesh.  If  0C^> 

2  '(*.■)<=:  ["  1+  ^4]  ’ 

—  l— 

and  (lll,4)  gives 


then 


sheet  -40- 


3F“  «  +  eiw-  T\  ,  „  . 

which  with  the  initial  condition  9  =0  when  XT  =  O 


rJ r=  CO  +  ((-  ^ 


where 

Z  = 


f 

o~<^ 


a  no 


Co  « 


sheet  -4.1- 


Explosion  occurs  it*  CO  j  (cf.(22*)). 

^he  critical  condition  na.  be  written  in  tho  fora 


or  using  (ill, 7), 


C  ^  T  V" 

c^—  ‘a 


Jx<Crc^0 


» M  v 


Lhtc. 

lTkt<-0> 


(111,3) 


where 


u  _  a  fcpLsr  _  ik 

lc'~  rWJ 


and  <^<>  =  * 


i.3  the  harmonic  mean 


value  of  the  absorption  coefficient. 

The  use  of  th  :  approximation 

k,- 

introduces  only  a  small  -.rror  into  (III,S). 

Thus  (26)  retains  its  validity  provided  the 

relevant  average  values  oi  ,  <*f  ,  of  are 

selected  where 


-  =  , 


<&>  - 


h}1\/  J.t'eJj) 


sheet  -v2~ 


If  a  more  accurate  approximation  is  required  then  the 

v. 

criteria  1  1  -  J  ,  £0^  =  j  ohould  be  used.  In 

ocnc lesion  vac  important,  deductions  can  be  made  from 


this  appendix. 

a)  As  the  flash  duration  tends  to  zero  the  critical 
energy  density  for  polychromatic  light  tend3  to 


C-oTjJ 

oC 


b)  T he  critical  energy  of*  a  polychromatic  flash  of  “long" 
duration  (i.e.  for  which  1)1"  ^  ^  |  )  is  virtually 

independent  of  the  absorption  coefficient  and  has 


i.e.  is  proportional  to  the  square  root  of  the  flash 
duration. 


sheet  -A3 


>_A-CVa^ 
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The  error  function  complement  and  related  functions* 


The  Ti  repeated  integral 


labelled  (, 


■n 


■  c 

where  *  = 


.n  fi 

i  h 


xs 

is  the  function 


> 


2  — 

The  function  J 


.H 


equivalent  to  t 


* 

effc 


* 


sT 


is 


Ordinate: 


£not  named 


Abscissa: 


0 


?ir.2. 


The  temperature  profiles  produced  by  a  rectangular 
flash  of  constant  integrated  intensity, ^  ,  and  of 
varying  duration  according  to  equations 


(i.7  and  (lif).  The  area  unuer  each  of  the  curves 
equals  that  enclosed  by  the  dashed  rectangle. 


Ordinate: 


u/t 


Abscissa: 


? - 


Evolution  ox"  the  surface  tcnperature  after  a  short 
duration  flash* 

The  curves  belong  to  the  family  (  14-  oj.  ^  4 

The  regiae  i3  critical  (and  l‘ail3 
to  develop  an  explosion)  wren yt-ers  J  .  The  dasned 
curve  gives  the  locus  of  the  maxima  ir.  (teapera- 

ture  minima)  and  is  asymptotic  to  the  line  'J—  at 


large 


V 


Evolution  of  the  surface  tenperature 


alter  a  ^on£  duration  liasr. 


The  curves  belong  to  the  faaiiy  J 
£  +  (l“£')  C  .  The  re£ine  is  critical  (and 
‘ails  to  develop  an  explosion)  when  I  .  i 


Ordinate : 


AooCissa; 


Gr  {  <C 


Tho  function  +  e  ^CX,  — 


The  lines  A  and  B  are  the  asymptotes  of  i£L 
for  low  and  high  values  of  ^  *  respectively*  The 
line  2 > which  is  parallel  to  represents  the  function 
usvd  to  estimate  ill  for  all  vaiue3  of  • 

^  is  approximately  equal  to  the  ratio 


fj4sds$<3k  •  ^ 

C)hi^fe  •  ) 


Variation  of 
cl 

in  arbitrary 
with  high  t^  . 


Ordinate: 

Absoisaa: 


Cvr_  with  the  square  root  of  time  for 


ui.ateu  from  Iierchtald*s  data^*. 


'ct- 


13 


units.  best  fit  to  the  A  points 


—  beat  fit 


to  ail  six  points. 


(arbitrary  units) 


*■ 


-J 


?ig. 7. 


Variation  of  critical  energy  with  ambient  temperature 
in  the  case  of  lead  styphn&te  (after  IfcAuslah  *>l4  ). 


explosion 


failure 


ip 


Ordinate:  Critical  stored  energy  (  -“CV^  ) 

**  y 

Abscissa:  Ambient  temperature  (  °C-  ) 


o 


o 

CO 


© 

CN 


£  (jAD?/iVuoq*j&  p  Ab&ua  ujnujuvi 


. . iwoiMw»i"»rtniiiii  mil  u 


o 


Values 


